Yellow KK mice, carrying the yellow obese gene (Ay), developed marked adiposity and diabetic symptoms in comparison with their control littermates, black KK mice. The blood glucose and circulating insulin levels were increased progressively from 5 weeks of age in yellow KK mice. Age dependent alterlations were also observed in pancreas and kidney. Namely, degranulation and glycogen infiltration of B cells, first observed at 5 weeks of age, were followed by hypertrophy and central cavitation of islets. Renal glomerular changes, which were very similar to diffuse or exudative type of sclerosis in human diabetes, were also recognized in the mice at 16 weeks of age. These changes, though less remarkable, were also noted in their control littermates older than 16 weeks of age. Some metabolic defects were developed, as demonstrated by in vitro experiments. At younger age, lipogenesis by liver and adipose tissue was increased in yellow KK mice, but there was no noticeable difference in glucose oxidation by adipose tissue between both mice. Insulin sensitivity of adipose tissue was decreased with age in both mice, especially in yellow KK mice being reduced more remarkably to its complete loss at 16 weeks of age. These findings indicate that the yellow obese gene not only induces adiposity but also accelerates development of diabetic traits of KK mice. A possible mechanism for the observed diabetogenic action of the gene will be discussed.
KK mouse is one of the inbred strains established by Kondo et al. (1957) from Japanese native mice. Since Nakamura (1962) identified this strain as a spontaneous diabetic animal, several investigators have reported many diabetic traits such as impaired tolerance to glucose (Nakamura, 1962) , moderate hyperglycemia (Nakamura, 1962) , insulin resistance of peripheral tissue (Tsuchida, 1966; Dulin, 1967) , hyperinsulinemia (Dulin, 1967) and renal glomerular changes (Treser et al., 1968) . A genetic study of KK mice indicated that diabetic traits were inherited by polygenes (Nakamura and Yamada, 1963) . Nishimura (1967) , one of Kondo's coworkers transferred the yellow obese gene (AY) into KK mice by the repeated crossing of yellow obese mice and KK mice. A congenic strain of KK mice, thus established, has been named yellow KK or KKAY mice.
It has been widely recognized in clinical medicine that obesity, hyperinsulinism and diabetes are closely related to each other. Recently, these associated phenomena have been found in some diabetic animals . Nutritional factors, which induced obesity , intensified the development of diabetes in the Wellesley hybrid mice (Cahill et al., 1967) and sand rats (Miki et al., 1967) . In the present studies diabetic features of yellow KK mice are compared with those of control KK mice to elucidate the effects of genetical obesity (Ay gene) upon the diabetic traits of KK mice.
Materials and Methods
Animals: Yellow KK* mice were bred by mating female KK mice (aa, BB, cc) with male yellow KK Received for publication February 20, 1970 * Yellow KK mice of F11 generation from the first cross between yellow obese mice and KK mice were introduced to our mice stock through the courtesy of Dr. K. Kondo, Faculty of Agriculture, Nagoya University, Nagoya, Japan.
Endocrinol. Tapon. February 1970 mice (Aya, BB, Cc). Their offsprings were classified into the following four groups: 1. yellow KK mice (Aya, BB, Cc), referred to KKAY, 2. albino KKAY mice (AYa, BB, cc), 3. black KK mice (aa, BB, Cc), 4. albino KK mice (aa, BB, cc), identical with the original KK mice. In the present study, black KK mice were used as controls, because albino mice consisted of mice with two different genotypes. All mice were bred and kept under the specific pathogen free condition. Mice were maintained in individual metal cages and fed a usual laboratory chow diet (CE 2, Japan Clea Inc., Tokyo).
Chemical procedures: Blood samples were obtained from the orbital vein plexus with capillary glass. Blood glucose was estimated by glucose oxidase method (Krebs et al., 1964) . Urinary glucose was detected with Labstix(R) (Ames Company Co.). Plasma insulin was determined by an immunological procedure, as described by Hales and Randle (1963) . For this purpose, "reference standard insulin" of United States of Pharmacopeia was used as a standard, and the insulin-125 I immunoassay kit was purchased from The Radiochemical Center, Amersham, England. The glucose tolerance test was performed on mice made to fast for 20 hours. Glucose in 10% solution (w/v) was loaded by intraperitoneal injection at a dose of 1g/kg body weight. of acetate-1-14C). Conditions for incubation were the same as those described above. Liver slices incubated with glucose-U-14C were digested in 1ml of 30 KOH solution, and glycogen was isolated by addition of ethanol. Fatty acids of liver slices incubated with acetate-1-14C were isolated by the same procedure described above. Radioactivity was determined in a liquid scintillation spectrometer (Tri-Carb 3214, Packard Instrument Co.). Radioactivity in fatty acids or carbon dioxide fraction was estimated in a toluene scintillation fluid. To estimate radioactivity in glycogen, a Carb-o-Sil dioxane system was employed, as described by Miki et al.(1967) . Correction for quenching was made by counting before and after addition of internal standards.
Histological procedures: The aldehyde fuchsin technique (Gomori, 1950 ) was used to stain B granules in the islets of pancreas fixed in Bouin's solution. For identification of glycogen deposits, periodic acid Schiff (PAS) staining was used on pancreas fixed in Rossman solution. Kidney was fixed in 10% formalin solution and subjected to PAS and hematoxylin eosin stainings.
Results

Body weight and adipose tissue weight
Male yellow KK mice showed no difference in the growth as compared with their control littermates, black KK mice, whereas female yellow KK mice showed greater body weight gain (Table 1) . In yellow KK mice, adipose tissue weight increased with age and reached the maximum at 10 weeks of age. In their control littermates, it increased only at 16 weeks of age (Table 1 ). This result shows that adiposity occurred earlier in yellow KK mice than in their control littermates.
Blood glucose and urinary glucose
Blood glucose level was higher in yellow KK mice than in their control littermates (Table  1) . It increased gradually with age in yellow KK mice, and marked hyperglycemia was established at 16 weeks of age. In their control littermates, blood glucose did not increase with age, and remained at the level of about Vol.17 Glucose tolerance test Yellow KK and their control littermates showed impaired glucose tolerance (Fig. 1) . In both mice, the blood glucose level remained still elevated by far above the fasting level even two hr after glucose administration. No appreciable difference was recognized between both mice in the levels before and after the glucose loading, in spite of differences as manifested in the degree of hyperglycemia and the incidence of glucosuria.
Plasma insulin level and insulinogenic index
Plasma immunoreactive insulin (IRI) was The mice cited in Fig. 2 were used.
insulin Glucose-1-14C oxidation by adipose tissue of yellow KK mice was not impaired, but rather predominant over that of their control littermates ( Table 2 ). The rate of oxidation in the presence of insulin was higher in the control mice than in yellow KK mice. Response to insulin, expressed by increment or per cent increase of the activity, was diminished with age. The depression of the insulin sensitivity was more remarkable in yellow KK mice. Namely insulin sensitivity was significantly impaired at 10 weeks of age and completely lost at 16 weeks of age. The response observed in yellow KK mice between 5 and 10 weeks old was of the same extent as that of the controls at 16 weeks of age.
In yellow KK mice, lipogenesis from acetate by adipose tissue was elevated at 5 weeks of age and this enhanced activity was kept until 16 weeks of age (Table 2) . Lipogenesis of control mice was increased with age to attain the same level as that observed in yellow KK mice. At younger age, there was no difference between both mice in insulin sensitivity expressed by increment of the activity but no significant response to insulin was observed in 16-week-old yellow KK mice.
The ratio of lipogenesis from acetate and oxidation of glucose (acetate/glucose ratio) may reflect a metabolic profile of the adipose tissue (Table 2 ). Higher ratio was observed in younger yellow KK mice and older control mice whose adipose tissue was already hypertrophed. The result suggests that the development of adiposity is closely related to the predominance of lipogenesis over glucose metabolism. These experiments demonstrate that in the adipose tissue metabolism younger yellow KK mice have comparable profiles to older control mice.
Liver metabolism
Acetate incorporation into fatty acids by liver slices was elevated in both mice at 16 weeks of age. But lipogenic activity in yellow KK mice, especially at younger age, was signi- (Table 3 ). In contrast to lipogenesis, glycogen synthesis by liver slices showed no noticeable difference between both mice (Table 3) .
Histological findings Pancreas and kidney showed remarkable abnormalities with advance of diabetic state in yellow KK mice. The number of pancreatic islets of yellow KK mice did not significantly differ from that of the controls. Degranulation of B cells was observed in pancreas of yellow KK mice, irrespectively of age and sex (Fig.  4 and Table 1 ). Degranulated islets were always infiltrated with fine glycogen granules (Fig. 5) . In yellow KK mice, the degranulation and glycogen infiltration of B cells were not always associated with the elevation of blood glucose level (Table 1) . Hypertrophic islets appeared in the pancreas of 10 to 16-week-old yellow KK mice, some of which surrounded pancreatic ducts (Fig. 4 and 6 ). Central cavity formation was observed in enlarged islets (Fig. 4 and 6 (Fig. 7) . Renal glomerular changes were observed in all of the yellow KK mice at 16 weeks of age, but with less incidence in their control littermates of the same age. A common change observed in both mice was the thickening of mesangial matrix resulting from the increased PAS-positive materials (Fig. 8) , which resembled the lesion known as human diffuse type sclerosis. In some of these glomeruli of yellow KK mice, was also observed accumulation of eosinophillic materials in outer parts of capillary as well as increase of mesangial matrix (Fig. 9) . These lesions were similar to those of exudative type sclerosis. Aside from these glomerular changes, thickening of basement membrane of tubles and Bowman's capsules, dilatation of tubules and the presence of hyaline materials or hyaline cast in the tubules ( Fig. 10 and 11 ) could be also recognized in the kidney of yellow KK mice. Glycogen deposits in tubules were not observed.
Organs other than kidney and pancreas were also subjected to histological examination. Accumulation of fat droplets in liver cells and diminished thickness of adrenal cortex were found in both mice which were already noted on KK mice (Nakamura, 1962) . Discussion KK mice have been defined as diabetic animals carrying many diabetic characters resembling those observed in human maturityonset diabetes (Nakamura, 1962; Tsuchida, 1966; Dulin and Gerristen, 1967) . Our observations on KK mice are somewhat different from those reported by these investigators. Our KK mice, in so far as they are fed on laboratory chow, show glucose intolerance and insulin resistance, but are neither hyperglycemic nor glucosuric. When fed on synthetic diets which induce obesity, they develop hyperglycemia and glucosuria (our unpublished data). These findings indicate that the mice carry genetic potentials which develop overt diabetes under some specified conditions. The present observation shows that black KK mice are also of chemical diabetes and indistinguishable from albino KK mice in these diabetic traits. This may be supported by Nakamura's finding that diabetic traits are subject to polygenes in KK mice (Nakamura and Yamada, 1963) .
The present studies clarify that yellow KK mice develop severe hyperglycemia and glucosuria associated with both hyperinsulinemia and insulin insensitivity in glucose oxida-tion of adipose tissue. These findings indicate that introduction of the yellow obese gene intensifies diabetic traits of KK mice from chemical diabetes to overt diabetes. The enhancing action of the gene could be explained by assuming that the gene causes primarily hypertrophy of adipose tissue, which in turn diminishes insulin sensitivity of adipocytes. This view can be supported by the findings of Salans et al.(1968) . They studied the relationship between insulin sensitivity and cell size in adipocytes and clarified that reduced sensitivity of obese subjects was caused by hypertrophy of the cells. Our unpublished findings that some synthetic diets, which induce obesity, promote the development of diabetes in KK mice, may be accepted as a phenocopy of diabetes caused by genetical obesity in yellow KK mice. These severity of genetical diabetes of KK mice is affected by obesity, induced genetically or nutritionally.
The insulin resistance of the peripheral tissue may elevate demands for insulin. If yellow KK mice are the case, the histological changes of pancreatic islets, such as degranulation of B cells and hypertrophy of islets, reflect increased production of insulin to suffice the elevated insulin demand. High insulinogenic index of yellow KK mice indicates the validity of the above compensatory adaptation to lower blood glucose level within normal range. Glycogen infiltration together with degranulation of B cells of non-hyperglycemic yellow KK mice can also indicate such a compensatory regulation, since Carpenter et al.(1967) demonstrate that glycogen infiltration is induced by transitory hyperglycemia.
In contrast to the glucose oxidation, lipogenesis from acetate is elevated in yellow KK mice, possibly due to increased circulating insulin. The acetate/glucose ratio of adipose tissue, which indicates a metabolic profile of the tissue, is higher in younger yellow KK mice than in their controls. Higher ratios are also recognized in the presence of insulin.
These results indicate higher sensitivity to insulin of lipogenesis than that of glucose oxidation. This feature of yellow KK mice causes predominance of lipogenesis over glucose metabolism which may persist in the living body with elevated insulin level. From these considerations, it is summarized that hyperinsulinemia, accepted as a compensative adaptation to lowered insulin effect in glucose metabolism, would favor activation of lipogenesis rather than glucose metabolism in yellow KK mice. Consequently, increased lipogenesis could result in development of adiposity, which in turn accelerate development of diabetes, as pointed by Salans et al. (1968) .
Glomerular changes found in the present studies can agree with a recent finding of Treser et al.(1968) on aged KK mice. These results show that genetic potential to develop renal vascular changes is common in all of these KK strains. In the present studies, yellow KK mice develop more advanced lesions with respect to their incidence and severity, as compared with control KK mice. Thus, it is apparent that the yellow obese gene intensifies development of renal changes as well as metabolic disturbance which are inherited in KK mice. Our findings are consistent with Warren's description on human prediabetes (Warren, 1966) . He stated that development of diffuse type sclerosis or increase of mesangial matrix was recognized in prediabetic state without overt disturbance of metabolism.
Since both KK mice (Nakamura, 1962) and yellow obese mice (Hellerstriim and Hellman, 1963) are of diabetes, the diabetic genes of KK mice and the yellow obese gene may be expected to exaggerate diabetic state synergically in yellow KK mice. As shown in the present studies, both genes act to strengthen their respective diabetogenesity, but their roles seem different. Namely, diabetes itself is caused primarily by diabetic genes of KK mice, development of which is influenced by certain specified conditions, for example, obesity or ageing process. The yellow obese gene would provide one of such conditions under which overt diabetes is established even at younger age. Cahill et al.(1967) investigated metabolic disturbance of the Wellesley hybrid mice, which showed hyperglycemia associated with obesity and hyperinsulinemia. They demonstrated the difference in response to insulin in these mice. Namely, hepatic glucokinase responded to the hormone adequately but glucose utilization was quite insensitive as reflected in hyperglycemia. Coleman and Hummel (1967) observed increased activity of lipogenic enzymes such as citrate cleaving enzyme and acetyl-CoA synthetase, in liver of hyperinsulinemic db-mice. These findings indicate that insulin action is not impaired in induction of enzymes, but in acceleration of glucose metablism of peripheral tissues. Highly activated lipogenesis in diabetic animals with hyperinsulinism is ascribed to adequate induction of lipogenic enzymes. This view can agree with our present postulation on development of diabetes in yellow KK mice. Hyperglycemia associated with obesity and hyperinsulinism has been also reported in other diabetic animals, such as obese-hyperglycemic mice (Mayer, 1960) , New Zealand obese mice (Sneyd, 1964) , and spiny mice (Pictet et al., 1967) . The difference in effectiveness of insulin action on metabolic process may be also involved more or less in development of diabetes in these animals. 
